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Objectives: Our goal was to determine which of the two major methods of vital
organ support used in infant cardiac surgery, total circulatory arrest and low-flow
cardiopulmonary bypass, results in better neurodevelopmental outcomes at school
age.
Methods: In a single-center trial, infants with dextrotransposition of the great
arteries underwent the arterial switch operation after random assignment to either
total circulatory arrest or low-flow cardiopulmonary bypass. Developmental, neu-
rologic, and speech outcomes were assessed at 8 years of age in 155 of 160 eligible
children (97%).
Results: Treatment groups did not differ in terms of most outcomes, including
neurologic status, Full-Scale or Performance IQ score, academic achievement,
memory, problem solving, and visual-motor integration. Children assigned to total
circulatory arrest performed worse on tests of motor function including manual
dexterity with the nondominant hand (P  .003), apraxia of speech (P  .01),
visual-motor tracking (P .01), and phonologic awareness (P .003). Assignment
to low-flow cardiopulmonary bypass was associated with a more impulsive response
style on a continuous performance test of vigilance (P  .01) and worse behavior
as rated by teachers (P .05). Although mean scores on most outcomes were within
normal limits, neurodevelopmental status in the cohort as a whole was below
expectation in many respects, including academic achievement, fine motor function,
visual-spatial skills, working memory, hypothesis generating and testing, sustained
attention, and higher-order language skills.
Conclusions: Use of total circulatory arrest to support vital organs during heart
surgery in infancy is generally associated with greater functional deficits than is use
of low-flow cardiopulmonary bypass, although both strategies are associated with
increased risk of neurodevelopmental vulnerabilities.
Asubstantial proportion of children who undergo cardiac surgery ininfancy manifest morbidities at school-age, including neurologicabnormalities, cognitive deficits, and poor academic progress.1 Toimprove the long-term outcomes of these patients, risk factors forthese late effects must be identified. Factors such as preoperativestatus and genetic abnormalities (eg, the 22q11 microdeletion) are
clearly important.2-9 Aspects of surgical practice may also be contributory,10 in-
cluding acid-base management strategy,11-13 hematocrit,14 rate and depth of cool-
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ing,15 and vital organ support methods.3-5,16-18 Several
methodologic issues have complicated the effort to draw
inferences regarding these factors, however, including small
sample sizes and low statistical power, the inclusion of
children with heterogeneous heart lesions in the study sam-
ples, variable ages at repair and at follow-up assessment,
and the inability to control for potential confounding fac-
tors. Moreover, the multidimensional nature of surgical
interventions can make it difficult to compare the results of
studies done at different centers by different surgical groups
at different times. Random assignment of children to treat-
ment groups in the setting of a clinical trial can help to
ensure that the distributions of potential confounders are
comparable between treatment groups.
Our group has investigated the importance of one aspect
of surgical intervention, the method of vital organ support,
in the genesis of central nervous system sequelae in children
who undergo cardiac surgery in infancy. We undertook a
single-center randomized trial (the Boston Circulatory Ar-
rest Trial) of children with dextrotransposition of the great
arteries (D-TGA) who underwent the arterial switch opera-
tion with deep hypothermia either with predominantly total
circulatory arrest (TCA) or with predominantly low-flow
cardiopulmonary bypass (LFCPB). Compared with infants
in the LFCPB group, infants in the TCA group were at
significantly greater risk of seizures and abnormalities on
neurologic examination in the perioperative period, neuro-
logic abnormalities and lower motor development scores at
1 year of age, slower expressive language development at
2.5 years of age, and lower fine and gross motor scores as
well as speech and language abnormalities and oromotor
apraxia at 4 years of age.19-25 Furthermore, throughout the
follow-up period, children in both treatment groups have
demonstrated higher rates of neurodevelopmental problems
than would be expected in a healthy population. At age 4
years, for instance, the mean Full-Scale IQ score was ap-
proximately 0.5 SD below the expected population mean,
the group had marked difficulties on tests of expressive
language, visual-spatial, and visual-motor skills, and 24%
met diagnostic criteria for oromotor apraxia.23
Another follow-up evaluation was conducted when chil-
dren were 8 years old. The more precise and predictive
evaluations that can be carried out with 8-year-olds provide
a stronger basis for drawing inferences about the nature and
severity of treatment group differences than could be
achieved at younger ages. Moreover, the children had begun
primary school and were being challenged to acquire aca-
demic skills such as reading and mathematics, so the prac-
tical implications of the deficits noted at earlier evaluations
could be determined with greater certainty. In this article we
report on the results of the full battery of neurologic, de-
velopmental, and speech evaluations conducted at age 8
years and also describe a consistent pattern of strengths and
weaknesses, evident in both treatment groups, that may be
the result of preoperative abnormalities associated with D-
TGA or of operative factors that the treatment groups had in
common. In a companion article, we present analyses de-
signed to define, in more quantitative terms, the duration of
TCA that is associated with a decline in neurodevelopmen-
tal function.
Methods
Patients were enrolled in a prospective, randomized, single-center
trial between April 1988 and February 1992.19,26,27 Eligibility
criteria included a diagnosis of D-TGA with intact ventricular
septum (IVS) or ventricular septal defect (VSD), scheduled repair
by 3 months of age, and coronary artery anatomy suitable for the
arterial switch operation. Exclusion criteria were birth weight less
than 2.5 kg, a recognizable syndrome of congenital anomalies, an
associated extracardiac anomaly of greater than minor severity,
previous cardiac surgery, and associated cardiovascular anomalies
requiring aortic arch reconstruction or additional open surgical
procedures. Random assignment to predominantly TCA or pre-
dominantly continuous LFCPB as the method of vital organ sup-
port was stratified by diagnosis group (IVS vs VSD) and surgeon.
The alpha-stat pH strategy with crystalloid hemodilution to a
hematocrit of approximately 20% was used in all cases.
The arterial switch operation was performed in 171 infants, of
whom 165 were alive at the age of 8 years. Five children (3%)
living outside the United States were not considered eligible. No
children were unavailable for follow-up. Parents of 155 (97%) of
the remaining 160 children agreed to participate in the evaluation,
which involved assessments by a developmental psychologist, a
pediatric neurologist, and a speech pathologist. The psychologist
traveled to 6 children whose families were unable to return to
Boston. For these children, only developmental examinations were
completed.
This study was approved by the Children’s Hospital institu-
tional review board and conducted in accordance with institutional
guidelines. Parents of all children provided informed consent. All
examiners were unaware of a given child’s treatment assignment
or clinical course or of the results of assessments conducted by the
other examiners. The elements of the assessments are detailed in
the following sections.
Neuropsychologic Examination
Children were administered a 5-hour battery of standardized tests
designed to evaluate general intelligence, academic achievement,
memory, problem solving, visual-spatial skills, fine motor func-
tion, attention, and behavior both in the home and at school.
General intelligence was assessed with the Wechsler Intelligence
Scale for Children—Third Edition (WISC-III).28 Academic
achievement was assessed with the Wechsler Individual Achieve-
ment Test.29 Each WIAT subscale score was classified according
to whether it was significantly lower than expected (P  .05). The
presence of such an ability-achievement discrepancy is a com-
monly used criterion for a learning disability.30 Other sources of
data about a child’s academic performance were the Adaptive
Functioning scales of the Teacher Report Form31 and selected
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questions from the parent-completed Child Behavior Checklist/4-
18.32
Children’s neuropsychologic statuses were assessed with the
following tests: the Wide Range Assessment of Memory and
Learning (screener),33 the Wisconsin Card Sorting Test,34 the
Developmental Test of Visual-Motor Integration, 3rd Revision,35
the Trail-Making Test-Intermediate Version,36 the Rey-Osterrieth
Complex Figure37 (copy condition), the Grooved Pegboard,36 the
Formulated Sentences subtest of the Clinical Evaluation of Lan-
guage Fundamentals—Third Edition,38 the Controlled Oral Word
Association Test,39 the Verbal Fluency subtest of the McCarthy
Scales,40 and the Test of Variables of Attention, version 6.0.8
(11.5-minute version, TOVA).41 In addition, a handwriting sample
was obtained and scored.42
Data were collected by parent interview on family status,
including the marital status of the primary caregiver, maternal and
paternal occupations and educational backgrounds, and number of
children. Family social class was estimated with the Hollingshead
Four Factor Index of Social Status. Parental IQ scores had been
determined at a previous assessment.43
Speech Production Examination
Speech was assessed with the Mayo Test for Apraxia of Speech
and Oral Apraxia-Children’s Battery (selected items),44 the Oral
and Speech Motor Control Test,45 the Goldman-Fristoe Test of
Articulation,46 the Auditory Closure subtest of the Illinois Test of
Psycholinguistic Ability,47 and the Test of Auditory Analysis.48
The speech pathologist made a clinical judgment regarding the
presence or absence of volitional oral movement abnormalities,
phonologic awareness abnormalities, and apraxia of speech. If
present, an abnormality was classified as mild, moderate, or se-
vere.
Neurologic Examination
Findings on the neurologic examination were classified as normal,
possibly abnormal, or definitely abnormal. Definite abnormalities
were classified as mild (no functional impairment), moderate
(functional impairment requiring intervention/therapy), or severe
(dependent on assistance). Abnormalities were subclassified as
disorders of head shape and growth, neurocognitive abilities, spe-
cial senses, cranial nerves, motor system, gait, and sensory. Chil-
dren could be classified as having more than one type of abnor-
mality.
Statistical Analysis
The primary outcomes were Full-Scale IQ score from the WISC-
III, the Reading and Mathematics Composite scores from the
WIAT, and the presence of possible or definite neurologic abnor-
malities. Treatment group differences were evaluated by means of
intent-to-treat analyses. One child with a diagnosis of autism
(assigned to the LFCPB group) was included in analyses of neu-
rologic outcomes but not developmental and speech outcomes
because the latter assessments could not be completed as a result
of the child’s lack of social relatedness. All comparisons were
adjusted for diagnosis (IVS vs VSD). Comparisons of IQ, lan-
guage, motor, and continuous speech variables were also adjusted
for family social class. For those dependent variables for which a
treatment group by diagnosis interaction reached a level consid-
ered significant (P  .05), separate P values are reported for the
two diagnosis groups.
Continuous outcomes were analyzed with linear regression
methods. Paired t tests were used for intraindividual comparisons
of scores. Scores on the developmental tests were compared with
the expected means from the normative populations. Time-to-
completion tasks were analyzed by proportional hazards regression
methods. Fisher exact tests were used to analyze binary variables.
Exact tests for trend were used to analyze ordered categoric
variables and continuous scores that were not normally distributed.
On the basis of an expected follow-up of 148 patients, the study
was designed to have 86% power to detect a difference of 0.5 SD
in Full-Scale IQ score and 88% power to detect a difference of
25% in the prevalence of possible or definite neurologic abnor-
malities.
Values are reported as mean SD for continuous variables and
outcomes. Data are reported as numbers and percentages of chil-
dren affected for categoric variables and outcomes.
Results
Within each diagnosis group, patients randomly assigned to
the two strategies were comparable with respect to preop-
erative characteristics (Table 1). Of note, even children
assigned to the LFCPB group, particularly those with an
associated VSD, tended to undergo some period of TCA.
The families were predominantly middle-class, with paren-
tal IQ scores in the average range. The mean age at fol-
low-up was 8 years 2 months  3 months (range 7 years 7
months to 10 years 1 month).
No child was reported to have significant limitations on
activity. Seven children had undergone additional heart
surgery since the arterial switch operation. Twelve children
(8%) were receiving medications commonly prescribed to
treat attention deficit hyperactivity disorder. Height was
significantly lower in the TCA group (P  .02). Treatment
group differences in weight and head circumference were
not significant.
According to parental reports, between the study evalu-
ations conducted at ages 4 and 8 years 34% of children were
evaluated by a speech pathologist, 16% were evaluated by
an occupational therapist, 9% were evaluated by a psychi-
atrist, and 6% were evaluated by a physical therapist. Treat-
ment groups did not differ in the frequencies of these
evaluations.
Neuropsychologic Outcomes
General intelligence (Table 2). Treatment groups did
not differ significantly in terms of Full-Scale or Perfor-
mance IQ scores. Among children with a VSD, assignment
to TCA was associated with lower Verbal IQ scores (P 
.03). Treatment groups differed on one of the four WISC-III
index scores and on two of the 13 subtest scores. Among
children with a VSD, assignment to TCA was associated
with lower scores on the Verbal Comprehension (P  .04),
Similarities (P .03), and Comprehension (P .02) scales.
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In general, social class and VSD status explained much
more of the variance in Full-Scale IQ scores than did
treatment assignment. For instance, social class alone ex-
plained 23.7% of the variance and adding VSD status to the
model explained an additional 3.2%, whereas adding treat-
ment assignment explained only an additional 0.3%.
Overall, the mean WISC-III IQ scores were in the aver-
age range (Full-Scale score 97.1  15.3, range 62-138).
Three percent of children had Full-Scale IQ scores below
70. Performance IQ score (94.9  14.3) was significantly
lower than Verbal IQ score (99.8  16.6, P  .001). For 59
children (38%), Verbal IQ and Performance IQ scores dif-
fered significantly (11 points), but this percentage was not
different between the TCA (39%) and LFCPB (37%) groups
(P  .81), nor was the percentage in either group greater
than in the general population (40.5%). For most children
with a significant discrepancy (76%), Verbal IQ score ex-
ceeded Performance IQ score. The following summary and
factor scores were significantly lower than the expected
population means: Full-Scale IQ score (P  .02), Perfor-
mance IQ score (P  .001), Perceptual Organization score
(P  .001), and Freedom from Distractibility score (P 
.001). Scores on 6 of the 13 subtests, primarily those con-
tributing to the Performance IQ score, were significantly
lower than the population mean: Arithmetic score (P .04),
Digit Span score (P .001), Picture Completion score (P
.001), Picture Arrangement score (P  .007), Object As-
sembly score (P  .001), and Mazes score (P  .001).
Academic achievement (Table 3). Treatment groups
did not differ on any of the WIAT summary scores or
subscales. Only for Reading Comprehension score were the
frequencies of ability-achievement discrepancies higher for
the TCA group than for the LFCPB group (P  .006).
According to parental report, 56 (37%) of children were
receiving remedial services in school and 15 (10%) had
already repeated a grade. Neither outcome was associated
with treatment group. Treatment groups did not differ on the
following scales of the Teacher Report Form: Academic
TABLE 1. Characteristics of children with D-TGA according to ventricular septal status and treatment group*
Variable
IVS VSD
TCA (n  59) LFCPB (n  59) TCA (n  20) LFCPB (n  18)
Preoperative characteristics
Birth weight (g, mean  SD) 3613 483 3488 415 3365 370 3628 359
Gestational age (wk, mean  SD) 39.8 1.4 39.7 1.1 39.9 1.3 39.5 1.0
Apgar score at 5 min (mean  SD) 8.1 1.1 8.4 0.7 8.7 0.5 8.5 0.6
Age at surgery (d, mean  SD) 7.5 5.7 6.9 3.9 22.6 20.8 14.7 17.5
Sex (% male) 76 75 85 72
Race (% white) 88 92 95 89
Surgical data
Prearrest bypass time (min, mean
 SD)
35 14 70 15 56 16 70 19
Tympanic temperature at onset of
cardiac arrest (°C, mean  SD)
14.4 1.3 15.6 1.5 15.2 1.4 15.4 1.2
Circulatory arrest (min, mean 
SD)
52 13 14 12 55 8 31 16
Total bypass time (min, mean 
SD)
82 28 127 25 111 28 128 31
Total support time (min, mean 
SD)
134 32 141 30 166 27 159 28
Postoperative neurologic outcomes
Clinical seizures within 7 d (%) 7 0 25 0
Ictal activity within 48 h† (%) 16 13 67 9
Follow-up data at 8 y
Age (mo, mean  SD) 98 2 99 4 98 4 98 2
Head circumference (percentile,
mean  SD)
48 26 48 24 39 22 47 15
Weight (percentile, mean  SD) 60 33 64 33 36 26 64 23
Height (percentile, mean  SD) 50 31 60 30 39 28 59 21
Social class‡ (mean  SD) 44 14 47 14 44 12 44 12
Parental IQ§ (mean  SD) 96 14 98 12 95 8 99 14
*Only the 155 children for whom follow-up data were obtained at 8 years of age are included.
†Rhythmic epileptiform activity continuing longer than 5 seconds on continuous video electroencephalographic monitoring.
‡Score on the Hollingshead Four Factor Index of Social Status, with higher scores indicating higher social status.
§Score on the Peabody Picture Vocabulary Test (revised).43
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Performance, Working Hard, Learning, Happy, or Total
Adaptive. Children in the TCA group were rated signifi-
cantly more positively on the Behaving Appropriately scale
(P  .05).
On the WIAT, mean scores in the cohort as a whole were
significantly lower than expected on the Reading Composite
(P  .001) and Mathematics Composite (P  .02) scales
and on the following subscales: Basic Reading scale (P 
.006), Reading Comprehension scale (P  .01), Spelling
scale (P  .002), and Numerical Operations scale (P 
.004). The frequencies of scores that were significantly
lower than expected on the basis of a child’s Full-Scale
WISC-III IQ score were: Reading Composite score 11%,
Mathematics Composite score 18%, Basic Reading score
3%, Reading Comprehension score 15%, Listening Com-
prehension score 8%, Spelling score 5%, Mathematics Rea-
soning score 8%, and Numerical Operations score 18%.
Overall, 37% of children had at least 1 WIAT score that was
significantly lower than expected.
Memory and learning (Table 4). Treatment groups did
not differ in terms of Memory Screening Index score or any
subtest. The mean Memory Screening Index score (90.0 
15.3) was significantly lower than the expected population
mean of 100 (P  .001), as were the mean scores on all
subtests but Verbal Memory (Picture Memory score P 
.001, Design Memory score P  .001, and Story Memory
score P  .001). The children’s performance was weakest
on the Design Memory subtest, with a mean score approx-
imately 1 SD below the expected score of 10.
Problem solving (Table 4). Treatment groups did not
differ significantly on any index of performance on the
Wisconsin Card Sorting Test, expressed either as a contin-
uous or categoric variable (scores  1 SD below expected
mean). In the cohort as a whole, the distributions of the
children’s scores on several end points were shifted toward
the left, with greater proportions than the expected 16%
scoring 1 SD or more below the age-expected means: 36%
for number of categories achieved, 25% for perseverative
errors, 37% for nonperseverative errors, 46% for percent
conceptual level of responding, and 25% for trials to com-
plete the first category.
Visual-spatial and visual-motor skills (Table 4). Treat-
ment group assignment was not significantly associated
with score on the Developmental Test of Visual-Motor
Integration (P  .57) or with the frequency of scores 1 SD
or more below average (42% in TCA group vs 32% in
TABLE 2. WISC-III28 scores according to ventricular septal status and treatment group
Variable
IVS VSD
P value*TCA (n  59) LFCPB (n  58) TCA (n  20) LFCPB (n  18)
Summary scores
Full-Scale IQ 98.0 16.3 99.3 13.7 88.5 14.6 96.9 15.2 .46
Verbal IQ 101.9 18.4 101.4 14.1 89.1 15.1 99.5 15.9 .33, .03†
Performance IQ 94.4 14.5 97.3 13.3 90.0 15.5 94.6 15.1 .31
Index scores
Verbal Comprehension 103.0 18.3 101.6 14.3 90.0 16.2 99.5 14.8 .18, .04†
Perceptual Organization 94.6 14.5 96.8 13.1 89.9 14.9 95.1 14.0 .39
Freedom from Distractibility 95.1 16.1 98.5 12.3 89.6 13.3 97.2 16.5 .13
Processing Speed 97.9 13.8 101.5 13.8 95.5 16.1 95.5 18.6 .42
Subtest scores
Verbal
Information 11.2 3.9 10.9 3.4 8.8 3.8 9.6 2.7 .55
Similarities 10.6 3.6 10.1 3.4 7.5 3.4 9.8 4.1 .13, .03†
Arithmetic 9.4 3.6 10.1 2.7 7.9 2.9 9.5 3.8 .15
Vocabulary 10.2 3.7 9.9 2.7 8.3 3.3 9.9 3.1 .21, .07†
Comprehension 9.9 3.5 10.0 3.0 7.8 2.9 10.1 2.3 .64, .02†
Digit Span 8.7 2.9 9.1 2.2 8.1 2.5 9.2 2.8 .40
Performance
Picture Completion 8.5 3.3 9.6 2.9 7.3 2.7 9.1 3.1 .02
Coding 9.3 3.0 10.1 3.4 9.1 4.0 9.1 3.8 .42
Picture Arrangement 9.3 3.1 9.8 3.3 7.7 3.5 9.5 2.6 .19
Block Design 10.0 3.3 9.7 3.4 8.9 3.9 9.1 3.2 .44
Object Assembly 8.2 3.5 8.4 3.0 8.9 2.9 8.6 2.5 .84
Symbol Search 9.5 3.1 10.1 2.5 8.8 3.2 8.8 3.6 .52
Mazes 8.9 3.3 8.5 3.2 9.6 4.4 7.7 2.0 .10
Values are mean  SD.
*Determined by linear regression for differences between treatment groups, with adjustment for diagnosis and social class.
†Determined by linear regression, with adjustment for social class. First value is for patients with IVS; second value is for patients with VSD, because of
a significant treatment group by diagnostic group interaction.
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LFCPB group, P  .23). In the cohort as a whole, the mean
score was at the 25th percentile.
Treatment groups did not differ in the time needed to
complete part A of the Trail-Making Test (P  .66) or the
percentage of children whose time was more than 1 SD
slower than expected for age (5% in TCA vs 4% in LFCPB,
P  .77). Children in the TCA group required more time to
complete part B, but only among the subset of children with
an IVS (P  .01). In addition, completion times more than
1 SD slower than expected for age were more frequent in
the TCA group than in the LFCPB group (24% vs 12%, P
 .06). In the cohort as a whole, however, mean times to
complete both parts A and B were near the expected means
for 8- and 9-year-olds.39
On the Rey-Osterrieth Complex Figure, treatment groups
did not differ in the percentages of children whose copies
were scored at the lowest level of organization (57% TCA
vs 47% LFCPB, P  .25). In the cohort as a whole, the
proportion of copies scored at the lowest level (52%) was
more than twice the expected frequency of 23%37 (P 
.001).
Fine motor function (Table 4). Children in the VSD
subgroup who were assigned to TCA took significantly
longer than did the children with VSD assigned to LFCPB
TABLE 3. Academic achievement according to ventricular septal status and treatment group
Variable
IVS VSD
P value*TCA (n  59) LFCPB (n  58) TCA (n  20) LFCPB (n  18)
Wechsler Individual Achievement Test29
Summary scores
Reading
Composite score 95.6 17.7 96.8 12.4 89.5 12.9 95.6 15.5 .66
Significant discrepancy (%) 15 9 15 0 .12†
Mathematics
Composite score 97.2 19.2 98.9 14.4 90.4 14.4 94.1 20.8 .79
Significant discrepancy (%) 22 10 20 29 .30†
Subscales
Basic Reading
Score 97.5 17.2 97.8 12.5 91.2 12.2 96.8 15.6 .91
Significant discrepancy (%) 2 5 0 0 .36†
Reading Comprehension
Score 96.9 17.1 98.7 12.0 92.0 13.4 98.2 14.0 .49
Significant discrepancy (%) 24 9 20 0 .006†
Listening Comprehension
Score 102.4 16.2 101.4 11.6 93.6 13.9 97.7 14.2 .76
Significant discrepancy (%) 8 5 10 12 .77†
Spelling
Score 96.7 17.0 96.6 10.8 92.4 13.1 99.2 15.1 .85
Significant discrepancy (%) 8 3 5 0 .28†
Mathematics Reasoning
Score 98.9 16.4 100.1 12.8 92.7 11.8 96.4 17.1 .85
Significant discrepancy (%) 10 3 5 18 .77†
Numerical Operations
Score 96.7 17.6 98.0 13.0 91.4 14.7 94.2 19.9 .87
Significant discrepancy (%) 20 12 20 29 .54†
School Progress32
Receipt of remedial services (%) 42 32 47 28 .13
Retained in grade (%) 9 5 21 17 .58
Teacher Report Form31
Academic Performance 45.7 8.7 47.3 7.2 46.4 8.4 46.2 8.7 .75
Working Hard 48.2 6.8 48.5 8.4 48.6 7.9 49.1 7.8 .95
Behaving Appropriately 48.5 7.3 46.9 8.0 50.2 8.2 46.7 6.8 .05
Learning 46.5 8.2 47.8 7.5 47.8 9.3 44.9 7.8 .60
Happy 49.5 7.5 48.8 7.6 47.9 7.2 46.9 7.6 .39
Total Adaptive 47.5 7.5 47.2 8.2 47.8 8.5 45.2 7.4 .22
Values are mean  SD unless noted to be percentages. Significant discrepancy refers to the value being lower than expected relative to the child’s
Full-Scale IQ.
*Determined by linear regression for differences between treatment groups, with adjustment for diagnosis and social class.
†Exact P value for difference between treatment groups, with adjustment for diagnosis.
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to complete the Grooved Pegboard with the nondominant
hand (P  .003). The treatment group difference was not
significant for the dominant hand (P  .06). A significantly
larger percentage of children in the TCA group than in the
LFCPB group had a completion time for the nondominant
hand that was more than 1 SD slower than expected for age
(60% vs 32%; P .001). Treatment groups did not differ in
this respect for the dominant hand (P  .17).
Assignment to the TCA group was associated with sig-
nificantly poorer alignment and spacing in the handwriting
TABLE 4. Neuropsychologic test scores according to ventricular septal status and treatment group
Variable
IVS VSD
P value*TCA (n  59) LFCPB (n  58) TCA (n  20) LFCPB (n  17)
Memory and learning (Wide Range
Assessment of Memory and Learning33)
Memory Screening Index 90.4 15.4 91.7 15.1 84.3 13.7 89.5 17.3 .77
Picture Memory 9.0 2.6 8.9 2.5 7.7 3.3 8.2 3.4 .92
Design Memory 7.0 3.4 7.0 3.3 6.3 2.5 7.4 3.8 .90
Verbal Learning 10.7 3.2 10.7 3.3 9.7 3.1 9.9 2.9 .66
Story Memory 8.4 2.8 9.4 2.8 7.7 2.5 8.7 2.4 .06
Problem solving (Wisconsin Card Sorting
Test34)
No. of categories achieved 3.6 1.8 3.5 1.9 3.3 1.7 3.7 1.7 .93
Perseverative errors 92.6 14.8 93.0 14.7 85.8 14.1 92.1 14.9 .63
Nonperseverative errors 90.8 19.0 89.7 20.2 94.3 16.4 90.1 19.7 .37
Conceptual level responses (%) 45.4 21.9 43.4 23.4 39.6 19.0 44.7 19.6 .67
Trials to complete first category 1.3 1.2 1.1 1.2 1.2 1.4 1.0 1.2 .43
Visual-spatial/visual-motor (Developmental Test
of Visual-Motor Integration, 3rd
Revision35)
89.9 10.8 91.4 11.6 89.0 10.6 91.1 13.6 .57
Trail-Making Test—Intermediate Version36
Part A: time to complete (s) 28.6 11.7 27.1 8.8 28.7 11.6 29.4 10.7 .66‡
Part B: time to complete (s) 99.1 75.3 68.4 27.6 79.9 42.5 97.4 54.7 .01, .26§
Rey-Osterrieth Complex Figure37
Level 1 Basal Organization (%) 52 43 74 59 .25†
Fine Motor (Grooved Pegboard)36
Time to complete, dominant hand (s) 104 35 94 26 111 28 90 12 .06‡
Time to complete, nondominant hand (s) 118 40 105 29 126 35 96 15 .23, .003§
Handwriting(42)
Alignment and Spacing 3.0 0.6 3.3 0.6 2.8 0.7 3.3 0.6 .01
Letter Size 3.0 0.6 3.1 0.7 3.0 0.6 3.2 0.6 .58
Letter Formation 3.5 0.2 3.6 0.3 3.5 0.3 3.6 0.3 .20
Attention (TOVA)41
First half
% Errors of omission 13.9 17.7 11.1 13.8 17.1 21.4 19.5 24.9 .81
% Errors of commission 9.2 9.9 14.4 19.8 7.4 8.3 15.0 20.7 .01
Response time (ms) 660 121 585 135 663 119 663 166 .01
Variability (ms) 216 99 205 101 229 128 301 204 .57
Anticipatory responses 0.6 1.2 1.4 3.1 0.3 0.6 1.3 1.9 .005
Multiple responses 15.6 11.9 22.8 19.3 19.9 7.8 21.3 17.9 .01
Second half
% Errors of omission 14.9 20.7 11.8 11.8 11.2 10.1 12.9 11.5 .64
% Errors of commission 44.8 23.5 50.6 21.2 41.6 22.2 47.9 27.9 .11
Response time (ms) 563 120 534 136 566 87 550 130 .30
Variability (ms) 283 112 319 166 287 102 334 171 .05
Anticipatory responses 2.0 3.6 3.7 4.6 1.9 2.7 5.1 6.7 .004
Multiple responses 49.4 27.8 63.5 24.3 66.9 13.6 67.5 24.9 .009
Values are mean  SD unless noted to be percentages.
*Determined by linear regression for differences between treatment groups, with adjustment for diagnosis and social class.
†Exact P value for difference between treatment groups, with adjustment for diagnosis.
‡Determined by proportional hazards regression, for differences between treatment groups, with adjustment for diagnosis and social class.
§Determined by proportional hazards regression, with adjustment for social class. First value is for patients with IVS; second value is for patients with VSD,
because of a significant treatment group by diagnostic group interaction.
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sample (P  .01). The TCA group also scored lower than
the LFCPB group on letter size and formation, but these
differences did not reach statistical significance.
Attention, vigilance, and reaction time (Table 4). In the
first half of the TOVA, a visual continuous performance
test, children assigned to LFCPB had a significantly faster
mean response time (P  .01), although they had higher
rates of errors of commission (P  .01), anticipatory re-
sponses (P .005), and multiple responses (P .01). In the
second half of the test, the LFCPB group had significantly
more anticipatory responses (P  .004) and multiple re-
sponses (P  .009). Thus the LFCPB group displayed a
significantly more impulsive response style on this test of
vigilance than did the TCA group. Because the 11.5-minute
version of the TOVA is not normed for 8-year-olds, the
children’s performance cannot be related to an expected
level. However, comparison of the scores to those achieved
by 8-year-olds in the norming sample on the 22.5-minute
version revealed that in our study group as a whole the rates
of errors of omission were nevertheless more than double
those of the norming sample in both halves of the task, the
rates of errors of commission were more than double in the
first half and approximately 50% higher in the second half,
and response times were approximately 1 SD slower in both
halves. The mean number of multiple responses, described
as “rare” in the standardization sample of 8-year-olds,41
exceeded 50 in the second half for our overall cohort.
Language and Speech Production Outcomes (Table 5)
Among children with a VSD, those assigned to TCA re-
ceived lower scores on the Auditory Closure subtest of the
ITPA (P  .007). Children assigned to the TCA group
scored lower than children in the LFCPB group on the Test
of Auditory Analysis (P  .02). A significantly higher
proportion of children assigned to TCA were judged to have
abnormal phonologic awareness (59% vs 34%, P  .002).
Furthermore, when present, this condition was considered to
be more severe (P  .003).
TABLE 5. Language and speech production outcomes according to ventricular septal status and treatment group
Variable
IVS VSD
P value*TCA (n  59) LFCPB (n  58) TCA (n  20) LFCPB (n  17)
Language
Auditory closure47 20.0 4.3 20.0 3.2 17.4 5.6 21.1 2.9 .74, .007‡
Test of auditory analysis48 9.8 2.9 10.9 2.0 8.9 3.4 10.6 3.1 .02
Phonologic awareness abnormalities
(No.)
.003†
Mild 21/55 (38%) 16/54 (30%) 7/16 (44%) 1/17 (6%)
Moderate 5/55 (9%) 4/54 (7%) 4/16 (25%) 2/17 (12%)
Severe 4/55 (7%) 1/54 (2%) 1/16 (6%) 0/17 (0%)
Formulated sentences38 8.5 2.7 8.6 2.0 6.9 2.6 8.2 2.7 .57
Controlled oral word association39 17.7 7.7 18.4 7.7 12.7 6.9 18.8 7.1 .95, .008‡
Category fluency(40) 21.8 5.7 23.1 6.1 17.9 5.4 20.5 4.7 .12
Speech production
Mayo Test for Apraxia44 190 13 195 7 188 13 197 8 .002
Oral and speech motor control45
Total structural score 23 1 24 1 23 1 23 1 .09
Total functional score 109 6 110 3 107 5 110 2 .08
Goldman-Fristoe Test46 (No. of errors) 3.6 7.3 4.1 10.4 4.0 4.3 5.1 17.6 .54†
Rate and duration of repetitions
Monosyllabic 14.4 4.1 15.1 3.6 13.8 3.7 14.0 3.8 .52
Polysyllabic 5.3 2.9 5.5 3.1 4.9 3.3 5.3 3.2 .62
Volitional oral movement
abnormalities
.03†
Mild 12/56 (21) 14/54 (26) 6/16 (38) 4/17 (24)
Moderate 4/56 (7) 2/54 (4) 3/16 (19) 0/17
Severe 3/56 (5) 0/54 0/17 0/17
Apraxia of speech .01†
Mild 2/57 (4) 1/54 (2) 5/16 (31) 0/17
Moderate 3/57 (5) 1/54 (2) 1/16 (6) 0/17
Severe 1/57 (2) 0/54 0/16 0/17
Values are mean  SD unless noted to be number with abnormalities (relative to number evaluated).
*Determined by linear regression for differences between treatment groups, with adjustment for diagnosis and social class.
†Exact P value for trend is for difference between treatment groups, with adjustment for diagnosis.
‡Determined by linear regression, with adjustment for social class. First value is for patients with IVS; second value is for patients with VSD, because of
a significant treatment group by diagnostic group interaction.
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Treatment groups did not differ on the Formulated Sen-
tences subtest of the Clinical Evaluation of Language Fun-
damentals (P .57). However, the mean score in the cohort
as a whole was significantly lower than the expected mean
of 10 (P  .001).
Among children with a VSD, those in the TCA group
achieved a lower score than those in the LFCPB group on
the Controlled Oral Word Association Test, a letter fluency
task (P  .008). Treatment groups did not differ signifi-
cantly in terms of mean score on the Verbal Fluency subtest
of the McCarthy Scales, a semantic category task (P .12),
although a higher proportion of children in the TCA group
achieved a score that was more than 1 SD below the
expected mean (33% in TCA group vs 17% in LFCPB
group, P .03). In the cohort as a whole, the mean score on
semantic category fluency was close to the expected mean
(22.5), whereas the mean score on letter fluency was below
the 20th percentile for age.
Children in the TCA group had lower scores than chil-
dren in the LFCPB group on the Mayo Test for Apraxia of
Speech and Oral Apraxia (P  .002). There was a tendency
for the TCA group to have lower scores than the LFCPB
group for the Total Structural Score (P  .09) and the Total
Functional Score (P  .08) of the Oral and Speech Motor
Control Test, although these differences were small. Treat-
ment group assignment was not associated with the number
of errors on the Goldman-Fristoe Test of Articulation (P 
.54), with the rate and duration of either monosyllabic or
polysyllabic repetitions (P .52 and P .62, respectively),
or with abnormal performance on the Volitional Oral Move-
ments test (P  .09). When abnormal volitional oral move-
ments were present, however, those noted among children
in the TCA group were more severe than those among
children in the LFCPB group (P  .03). Significantly more
children in the TCA group were judged by the speech
pathologist to have apraxia of speech (16% vs 3%, respec-
tively, P  .007), and the apraxia in the TCA group tended
to be more severe than the apraxia in the LFCPB group (P
 .01).
Neurologic Outcomes (Table 6)
Treatment groups did not differ significantly in the propor-
tions of children judged to have a possible or a definite
abnormality, although the frequencies of abnormalities in
both groups were high (71% vs 64% in the TCA and
LFCPB groups, respectively, P  .23). Most findings were
judged to be mild, however, and most often involved neu-
rocognitive functions (eg, attention, language), motor func-
tion, and gait. Relative to children randomly assigned to
LFCPB, those assigned to TCA had more frequent occur-
rence of cranial nerve and brainstem abnormalities (21% vs
8%, P  .04).
Discussion
Follow-up evaluations of the Boston Circulatory Arrest
Trial cohort at 8 years of age provided the opportunity to
compare the TCA and LFCPB groups in terms of their late
outcomes, particularly with respect to academic function-
ing. When support method was represented categorically,
children assigned to TCA did not differ significantly from
children assigned to LFCPB in the primary end points of
intelligence, reading, and mathematics or in many of the
neuropsychologic outcomes. The TCA group did, however,
perform worse than the LFCPB group in aspects of motor
TABLE 6. Neurologic outcomes according to ventricular septal status and treatment group
Variable
IVS VSD
P value*
TCA (n  57) LFCPB (n  56) TCA (n  16) LFCPB (n  17)
No. % No. % No. % No. %
Overall abnormalities
Possible 8 14 9 16 0 0 2 12 .29†
Definite
Mild 23 40 19 34 5 31 5 29
Moderate 11 19 7 13 4 25 3 18
Severe 0 0 2 4 1 6 0 0
Type of abnormality
Head circumference 3 5 2 4 0 0 1 6 .999
Neurocognitive 30 53 27 48 10 63 9 53 .51
Special senses 3 5 3 5 1 6 1 6 .999
Cranial nerves 12 21 5 9 3 19 1 6 .04
Motor 30 53 27 48 10 63 8 47 .41
Gait 31 54 22 39 6 38 7 41 .18
Sensory 2 4 0 0 1 6 0 0 .12
Values are numbers with abnormalities.
*Exact P values are for differences between treatment groups, with adjustment for diagnosis.
†Exact P value for trend is for difference between treatment groups, with adjustment for diagnosis.
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function, including manual dexterity, handwriting, and
speech production (volitional oral movements, oromotor
apraxia). They also showed significantly worse phonologic
awareness, a skill considered to be important for the devel-
opment of reading skills,49,50 perhaps mediated by oromotor
function.51 The TCA group also performed worse than the
LFCPB group on a test of visual-motor tracking (time to
complete Trails part B) and a test of verbal fluency (seman-
tic categories). In contrast, the LFCPB group performed
worse than the TCA group on a test of vigilance, displaying
a more impulsive style, and on the Behaving Appropriately
scale of a teacher-completed questionnaire. This is the only
neuropsychologic outcome measured in this clinical trial on
which the LFCPB group performed significantly worse than
the TCA group. It should be noted that our findings pertain
to surgical management practices, including the use of
TCA, used at the time children were enrolled in our study
cohort (1988-1992).
Most children performed well within the normal range,
with the mean scores of the cohort as a whole on standard-
ized tests of global function (eg, intelligence, academic
achievement) only slightly lower than the expected score of
100. Other recent studies have reported that the IQ scores of
children with congenital heart disease are not significantly
lower than the scores of healthy or sibling control sub-
jects.18,52 It is apparent, however, that children with con-
genital heart disease who have undergone corrective surgery
manifest a variety of neurodevelopmental vulnerabilities of
potential long-term importance. Indeed, more than a third of
the children in our study cohort had already been identified
as requiring remedial academic services. Moreover, their
scores on selected domain-specific neuropsychologic tests,
as well as clinical observations of their behavior, suggest
striking weaknesses relative to the general population in
many respects. Because all children with D-TGA require
corrective surgery and our primary goal was to compare
neurodevelopmental outcomes associated with the two ma-
jor vital organ support methods, our study design did not
include a healthy control group. For many end points,
however, the performance in the cohort as a whole was far
below what would be expected in the general population
(eg, in terms of the number scoring 1 SD or more below the
population mean). Therefore we consider it reasonable to
draw inferences about the pattern of weaknesses evident in
the cohort as a whole and to suggest a behavioral signature
for children after surgery to repair D-TGA. This signature is
based on grouped data, however, so not all children would
be expected to display all features of the pattern.
The most prominent deficits lie in the domains of motor
function and visual-spatial skills. Interestingly, visual-
spatial processing is the weakest aspect of information
processing among children who meet Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition
criteria for developmental coordination disorder.53 Other
areas of relative weakness include working memory, hypo-
thesis generation and testing, vigilance and sustained atten-
tion, and higher-order language skills. This pattern of
deficits suggests underlying problems with executive func-
tions, which are called on in organizing and implementing
strategies and plans and in modifying them as needed.54
During tasks that required the children to structure, pace,
and monitor their behavior, they appeared to get lost in the
details. They had difficulty seeing how the pieces fit together
to form a coherent, structured whole, whether the task in-
volved the assembly of story elements into a narrative or the
placement of specific elements of the Rey-Osterrieth Com-
plex Figure in the proper locations with respect to one
another. It appeared that lower-level building block skills
were relatively intact, but the children had difficulty inte-
grating or coordinating these skills to accomplish higher-
order goals. Whereas most children demonstrated an age-
appropriate ability to read individual words in isolation,
many scored lower than expected in terms of the ability to
read connected discourse for meaning. Similarly, many chil-
dren who grasped basic mathematic concepts had difficulty
applying these concepts to solve specific problems. Like
other groups of children with congenital heart disease,55,56
children with D-TGA present many of the neurodevelop-
mental characteristics of nonverbal learning disabilities.57
The deficits found in the cohort as a whole are similar to
the deficits reported in other patients with congenital or
acquired heart disease, suggesting that these deficits are not
specific to D-TGA. Among adult patients who experience
cardiopulmonary arrest or undergo the CABG procedure,
visual-motor integration is particularly impaired.58,59 Cere-
bral anoxia is associated with deficits in visual-spatial func-
tion, expressive language, executive functions, and memo-
ry.60 Children with heart disease treated with extracorporeal
membrane oxygenation demonstrate deficits in visual mem-
ory and spatial construction but not in verbal ability or
verbal memory.55 Other cohorts of children with D-TGA
have been reported to achieve significantly lower scores
than their siblings on the Developmental Test of Visual-
Motor Integration.52 In another study, children with cya-
notic lesions scored lower than control subjects on the copy
trial of the Rey-Osterrieth Complex Figure but not on tests
of verbal learning or auditory memory.61 Children with
cyanotic lesions have higher rates of both gross and fine
motor dysfunctions than do control subjects.9,18 Relative to
control subjects, children with congenital heart disease also
tend to achieve less academic success, as indicated by
poorer scores on tests of achievement, higher rates of refer-
ral for remedial services, and higher rates of placement in
special classes or schools.52,61,62
In our trial, the subgroup of children in the TCA group
who also had an associated VSD has consistently displayed
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the poorest neurodevelopmental outcomes, beginning in the
postoperative period.19-23 The factors responsible are not
known. The slightly older age of these children at surgery,
with the greater risk of chronic hypoxemia and poor cere-
bral perfusion as a result of hemodynamic instability, might
be important, but this seems unlikely given that the children
in this group were repaired at a very young age (mean 2
weeks), as well as the fact that children with a VSD are
generally less hypoxic than are children with an IVS. This
group did not require longer periods of TCA than did the
children in the TCA group who did not have a VSD,
although they did require a longer period of cardiopulmo-
nary bypass (approximately 30 minutes; Table 1), thus
increasing their exposure to ischemia and pump-related
sources of brain injury. Group differences in the frequency
of preoperative brain injury are another possibility. Previous
studies have demonstrated that children with a VSD are
more likely than children with other types of congenital
heart disease to have preoperative cranial ultrasonographic
abnormalities (eg, periventricular and parenchymal
echodensities, linear echodensities in the basal ganglia and
thalamus),2 and children with acyanotic lesions tend to have
more preoperative neurologic and behavioral abnormalities
than do children with cyanotic lesions.6 The 22q11 microde-
letion, which is associated with considerable neurodevelop-
mental risk,63 is rare among children with D-TGA with IVS
but occurs with greater frequency among children with a
VSD.64 Routine genetic testing of children who participate
in future trials would be helpful in understanding the factors
that predict the neurodevelopmental risks of different pa-
tient subgroups.
In summary, we found that 8 years after undergoing the
arterial switch operation, children who underwent deep hy-
pothermia with predominantly TCA did not differ from
children who underwent deep hypothermia with predomi-
nantly LFCPB in most of the end points measured. They
did, however, continue to manifest greater morbidity in the
domain of motor functions, a treatment group difference
that has consistently been observed in this trial. In both
groups, moreover, performance was below the expected
levels in several domains, most notably visual-spatial and
visual-motor skills. These findings suggest that although the
use of TCA is associated with worse outcomes in certain
neurodevelopmental domains, other factors are also impor-
tant in determining the prognoses of these patients. The
relative contributions of genetic polymorphisms and muta-
tions, preoperative health, other operative factors, and post-
operative events remain to be determined. Our findings lead
us to recommend close developmental surveillance and
follow-up of children who have undergone surgery to repair
congenital heart disease.
We are indebted to Ludmila Kyn for database and statistical
programming, to the study nurses (Kristin C. Lucius Thomas, RN,
MS, Amy Z. Walsh, RN, BSN, Jodi Bartlett, RN, and Ellen
McGrath, RN) for data collection assistance, to Kathleen M. Al-
exander for project coordination, to Donna M. Duva and Donna M.
Donati for scheduling evaluations, arranging patient travel, and
data management assistance, and to Lisa-Jean Buckley for data
management assistance.
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